As Oslo Vann og Avløpsetaten (VAV, meaning Water and Sewage Department) looks into the future, it is faced with a quandary-to replace old pipelines or to continue maintaining them. The primary goal is to improve the level of service. The secondary goals are to rejuvenate the system and stem the decline in capital value. In 1991-2006, the Operation and Maintenance expenses (O&M) were far higher than the investments, and the network aged as its capital value plummeted. However, if the funds are insufficient, the self-financing Oslo VAV would have to turn to the consumers for help. Will the consumers pay more to have a 'younger' system? What if they are happy with the 'status quo' and are unconcerned about the falling capital value? Should the pipelines be depreciated over a longer period than the 40 years which is adopted now?
INTRODUCTION
This paper, using Life Cycle Costing Analysis (LCCA) and scenarios therein, looks at how Oslo VAV (Vann og Avløpsetaten or Water and Sewage Department) could strike a balance between expending on Operation and Maintenance (O&M), investing in upgrading the network, and decelerating the ageing of the network while augmenting the capital value, and what is the best attainable set of targets they could aim for, at the end of the next 20 years. The wastewater pipeline network in Oslo is a mature one, and presents challenges typical of any ageing infrastructure system. The purpose of the paper is to examine the benefits of a rehabilitation programme based on the expected physical life of pipelines over the one in vogue which follows the economic lifetime approach, when it comes to optimising the annual expenditures and investments and stem the ageing process. It also throws light on the impact of different annual investments on the age of the network, the O&M costs, and the capital value of the stock, for each of the two approaches. It begins with a cursory peek into Asset Management theory in Section 2, which is followed in Section 3 by an overview of the wastewater pipeline network. In Section 4, the methodology has been outlined, and the four scenarios considered for the study have been detailed. Section 5 presents the results obtained by applying the methods of Section 4 and also interprets the same. The paper is then rounded off with the conclusions and recommendations in Section 6.
THEORY AND LITERATURE
Deciding whether to replace or maintain an asset is extremely difficult. Good asset management is also about rehabilitating the right pipe, at the right time and with the right technique.
Finding the right pipe may be manageable, but finding the right time and technique is by many regarded as a science.
Literature on rehabilitation planning for water distribution planning offers interesting approaches presented in the past by several researchers. Shamir & Howard 1979, developed an analytical approach to solve the pipe replacement problem. They expressed the pipe break growth rate and hence the expected pipe break repair cost as an exponential function. The replacement age of the pipe is that at which pipe replacement would minimize the present value of the total cost (sum of the present values of replacement costs and repair costs), which was obtained analytically. This method does not consider risk analysis for system's failures. Kleiner et al. (1998a Kleiner et al. ( ,b, 2001 proposed an approach in which the network economics and hydraulic capacity is analysed simultaneously over a pre-defined analysis period, while explicitly considering the deterioration over time of both the structural integrity and the hydraulic capacity of every pipe in the system.
The optimal age at which a pipe needs to be replaced is obtained on the basis of the structural costs. The evaluation and selection of the rehabilitation alternatives are done on the basis of structural and hydraulic conditions at different stages. The algorithm is a heuristic technique based on partial enumeration and hence may not be able to easily handle large networks.
In Saegrov et al. (1999) the use of statistical methods for estimating the current and the future rehabilitation needs and the use of software tools for prioritising rehabilitation actions in water systems have been discussed. The need of a proactive approach for rehabilitation planning is presented in comparison to the reactive one. A framework for exploring the rehabilitation needs and strategies is suggested. The Decision Support System CARE-W is then presented by Saegrov (2004) . The software allows to select and schedule the rehabilitation alternatives considering deterioration, hydraulic capacity and reliability of the network.
The application of a predictive asset management approach at the bottom up level has as first goal the estimation of the optimum time for pipes rehabilitation . If the pipe is replaced too early, there is an economic loss due to money being spent sooner than necessary, since the service life of the pipe has not expired.
If the replacement of the pipe is left too long there is an economic loss when additional money is spent for emergency repairs that should have been avoided.
Simple approaches often applied assume to replace the pipes when a certain physical age is achieved, or to replace, within a given period of time, all the pipes older than a given age with applying a defined rehabilitation rate.
However, the approach based on age could be a sufficient criterion if the selected lifetime is able to reflect the performance of the asset. However this analysis requires setting a measurable condition or performance standard; it requires condition to be measured; it requires knowing the system and how it performs. The current crucial limit of Asset Management embedment is recognised as the data management and condition monitoring .
What value of life should be used between the physical life of the asset, the economical life of the asset or the service life? The definitions of those lives assumed in this study are the following : † Physical life: the period of time over which the asset may be expected to last physically. † Service life: the period from the acquisition of the asset to the time when the asset ceases to provide a service. † Economic life: the period of time assumed for accounting purpose, financial or managerial.
Other methods suggest to rank pipes in the network according to predicted failures or risk, according to data 
OVERVIEW OF OSLO'S WASTEWATER PIPELINE NETWORK
Before progressing to the 20-year LCCA, it would be necessary to explain the wastewater handling system in general and the pipeline network in particular, in Oslo.
Oslo, the capital city of Norway, has a geographical area of 454 km 2 , with a highly-developed city centre surrounded by lakes, forests and 40 islands in the fjord. Oslo VAV supplies water to the 540,000-plus inhabitants of the City of Oslo and the 20,000-plus inhabitants of the municipality of Ski, and treats the wastewater before discharge into the fjord. As far as the wastewater network goes, sub-terra in Oslo, one finds an intricate network of 2,200 km of pipelines with manholes (Refer Table 1 for more detailed data). There are 63 wastewater pumping stations in the city.
Wastewater from Oslo's western suburbs is treated at VEAS (the Vestfjorden Avløpsselskap), while wastewater from the eastern suburbs is treated at Bekkelaget sewage treatment plant-both depicted in Figure 1 .
Age profile of the wastewater pipeline network
The oldest sewer pipes in the Oslo municipality date back to 1848. Around 4 km of the total length of pipes now in operation, were installed before 1900. Before 1951, almost all pipes were made or concrete (Table 2 ). It was in the 1950s that the first 700 metres of ferrous pipes were introduced into the system; note that ductile iron, grey cast iron and mild steel have been clubbed together under the heading 'ferrous'. Though plastic pipes were tried in the 
Sizes, materials and functions
The wastewater pipeline network mainly consists of three materials, concrete, plastic and ferrous alloys (grey cast iron, ductile iron and mild steel). On date, 82 per cent of the network is concrete, 14 per cent is plastic, and a meagre 4
per cent is a mix of the three ferrous materials referred to. Pipelines can also be categorized on the basis of the technologies used to build and install them. For the purpose of this paper, we consider seven different categories listed in Table 3 . Each of these is also characterised by a different expected lifetime calculated by the authors applying the "cohort survival method" (Herz 1996) .
Revenue sources for Oslo VAV
Oslo VAV is a self-financing company within the municipality of Oslo. The income which is pumped back into providing services to the consumers, is derived from the existing legislation to ensure that annual and connection fees are fair and reasonable for the consumers. The fees are the sources of the utility's funds which are apportioned across the system, for investment in upgrading and maintaining it periodically. The utility differentiates between activities requiring investments and activities calling for O&M expenses.
Investments add to the capital value of the network, and introduce a subtractive term in the average age, whenever old pipes are rehabilitated. As, in general, a system which has a greater percentage of 'younger' components is more efficient, the aim of the utility is to add to the capital value of the stock which is declining, curb the ageing and guarantee an improved level of service to the population. Figure 
Do-nothing scenario
Given the status of the network as described in 3.1, 3.2 and The utility is now confronted with an ageing stock which needs to refurbished and rejuvenated in the years to come. The capital value of the stock would decline and needs to be beefed up with adequate investments every year.
Planning for the future is certainly fraught with a lot of uncertainties, but looking 20 years ahead, with provisions for chopping and changing mid-way is a practical planning approach. Whether to replace a pipeline or continue maintaining it as-is, when it has lost its economic value is a difficult decision to make. Further, replacements will certainly add to the capital value and possibly stem the ageing of the stock, but will it really add to the level of service? Will there be any tangible benefits to the consumers who would perhaps need to pay a little more to shoulder the burden of rejuvenation of the ageing stock?
Improvements if any may not be perceptible. The donothing scenario is impractical, it goes without saying. Two sets of two realistically conceivable (though not necessarily practicable) scenarios each are described below.
METHODOLOGY AND STEPS Scenarios considered
The four scenarios considered under this approach are as follows: was constructed to relate the O&M expenses to the age of the network. This was subsequently used for all scenarios to calculate the O&M expenditure, with the value for the age of the network (from Equation 2) being substituted every time.
Calculations
The steps followed for all the scenarios considered are enumerated hereunder. The capital value of the stock depends on the starting value in 2008 which remains the same for all the scenarios obviously, and the increase (or decrease) thereafter over the 20-year period depends on the investments made in rehabilitation (and widening the network). The capital value of the stock at end of the year 't' is calculated by using Equation (1) below.
where, In 2008, the 'inherited' network has an age of 38 years.
While pipelines which are not rehabilitated continue to age at the rate of one year per year, those which are rehabilitated and those which are added onto the network, start a life anew in the year in which the rehabilitation or addition takes place. Likewise, for pipelines which are added on to the network. The age of the pipeline network at the end of the year 't þ 1' at the end of every year is thus obtained by using Equation 2. The denominator M t þ 1 in Equation (2) will be the same as M t if no additions are made to the network, and will be augmented if the network is widened. In the latter case, there will be a slightly greater reductive effect on the network age, relative to the former case.
The O&M expenses increase with the age of the 
where, DA ¼ Change in age of network in years.
K t ¼ Capital value at the end of 't' years, in MNOK.
PV O&M ¼ Present value of O&M expenses, in MNOK.
These notations apply to the equations in the other scenarios explained hereafter as well.
Network saturated in 2006-07 (Scenario B)
If there are to be no additions of pipelines to the network, 
LCCA-based on the expected physical life approach
In this approach, Oslo VAV would give preference to the oldest pipes in the network, while allowing the younger ones to age, on the premise that the older the pipelines get, the greater the expenses that would be called for to maintain them. This would also be in keeping with the fact that rehabilitation gets costlier with time and changing a 100-year-old pipeline now for instance would be economically a better option than rehabilitating it when it turns 120 years old. Also to be noted is the fact that pipes belonging to the C3, C4, P1 and P2 classes have greater the expected physical lives and the technology improvement over time renders them relatively much more reliable and sturdier, and hence, it would be a better bet to invest in rehabilitating the older ones-C1 and C2, as the burden on O&M expenses placed by the C3, C4, P1 and P2 pipelines would be much less in comparison.
Additions to the network of pipelines (Scenario C) 
The optima for the four scenarios
The intersection of the two Present Value lines-total annual investments and O&M -is considered as the optimum point. However, rehabilitation should neither follow the expected physical life approach nor adopt the economic life approach blindly. In case of the economic life approach considered in this paper, it is also assumed that Oslo VAV is content with spending on maintaining the older pipes and does not wish to consider them for rehabilitation. This certainly is far from reality, but that would be the result of applying the assumption that pipes lose the economic value after 40 years. Even if the economic life approach is to continue (owing to policy), it is necessary to rethink on the aptness or otherwise, of using a 40-year depreciation period. In order to utilise the residual functionality that remains after 40 years, this can be reset to anything longer than 40 years. A sensitivity analysis for different economic lifetimes can also be attempted.
This brings us to insist on the need for condition assessment to rehabilitate a pipeline only when absolutely necessary. In another paper, on which work is on, the authors have based rehabilitation decisions on pipeline service life defined on the basis of occurrence of blockages and induced basement flooding events. If the utilities do not invest on assessing the network characteristics, functional capabilities and structural conditions, the only possible way for infrastructure management in long-term analysis is to minimise life-cycle rehabilitation costs while decelerating the network aging process.
